The effects of recombinant human erythropoietin (rEp) on murine hematopoietic progenitors were studied using a serum-free culture. A high concentration of rEp stimulated the formation of mixed erythroid-megakaryocyte colonies (EM colonies) and blast cell colonies, as well as erythroid colonies, erythroid bursts, and megakaryocyte colonies from normal mouse bone marrow cells. Direct effects of rEp on EM colony, megakaryocyte colony, and erythroid burst formation were confirmed by depletion of accessory cells such as T cells, B cells, and macrophages from crude bone marrow cells, and inhibition of the colonies by the addition of rabbit anti-rEp antibody to the culture in a dose-dependent fashion. Replating experiments were per-ROGENITORS FOR mixed erythroid-megakaryocyte P colonies (EM colonies), which were initially described by McLeod et all and later confirmed by several other investigator^,*-^ were the first bipotential progenitors to be documented. McLeod et a1 reported the formation of EM colonies as well as megakaryocyte colonies from mouse bone marrow cells in the presence of crude erythropoietin (Ep). Subsequently, several investigators examined the effects of crude Ep and pure Ep on the development of megakaryocyte colonies. However, some controversy concerning the role of Ep on megakaryopoiesis in vitro still
formed to confirm the differentiating ability of blast cell colonies grown in the presence of rEp. Most of the blast cell colonies yielded not only secondary erythroid colonies but also megakaryocyte colonies in the presence of 2 IU/mL rEp. Some of the blast cell colonies produced secondary EM colonies in the presence of 16 IU/mL rEp or 2 IU/mL rEp plus interleukin-3, although no granulocytemacrophage colonies were found in the secondary culture. These results suggest that Ep acts not only as a late-acting factor that is specific for erythroid progenitors, but also as a bipotential EM-stimulating factor for murine hematopoietic cells. 0 1990 by The American Society of Hematology.
MATERIALS AND METHODS

CSFs and antibody.
Pure rEp (150,000 IU/mg, endotoxinfree), produced by Chinese hamster ovary cells that had been transfected with complementary DNA encoding human Ep, was kindly provided by Kirin Brewery Co Ltd (Tokyo, Japan). Pure recombinant murine interleukin-3 (IL-3) was a generous gift from Dr Ken-ichi Arai (DNAX Research Institute of Molecular and Cellular Biology, Palo Alto, CA). Pure recombinant murine granulocyte-macrophage CSF (rGM-CSF), with a specific activity of 5 x lo8 U/mg protein, was kindly provided by Sumitomo Pharmaceutical Co (Hyogo, Japan). The immunoglobulin (Ig) fraction (IgG K-5) of rabbit anti-rEp serum raised by immunization with rEp was purified using Protein A-Sepharose CL-4B column chromatography (Pharmacia, Tokyo, Japan). IgG K-5, 9.6 pg, neutralized the activity of 0.4 IU rEp as determined by the measurement of in vivo 59Fe incorporation into red blood cells of exhypoxic polycythemic mice?
Single-cell suspensions were prepared from bone marrow of 8-to 10-week-old female BDFl mice (SLC, Shizuoka, Japan) in a-medium (Flow Laboratories, Inc, Rockville, MD). Nonphagocytic mononuclear cells (NP) were separated by Ficoll-Paque density gradient centrifugation from a single-cell suspension incubated previously with 10% (vol/vol) Silica (IBL, Gunma, Japan) at 37°C for 30 minutes, and nonphagocytic nonadherent mononuclear cells (NPNA) were isolated from N P by adherence to plastic dishes.
To a pellet of 2 x lo7 bone marrow cells, 1 mL of RPMI 1640 medium (Flow Labs) containing a mixture of several monoclonal antibodies (MoAbs) was added; the MoAbs were anti-Thyl.2 (1:20), antiLyt2.1 (1:20) , and anti-Lyt2.2 (1:20), each purchased from Cedarane Laboratories (Hornby, Canada), and antimouse/human Mac-1 antigen (1:40; Hybritech Inc, Tokyo, Japan) and anti-B220 (RatREP FORMS ERYTHROID-MEGAKARYOCYE COLONIES 1331 CA); 5 x IO ' mol/L 2-mercaptoethanol (Eastman Organic Chemicals, Rochester. NY); 300 pg/mL fully iron-saturated human transferrin (Sigma Chemical Co, Ltd. St Louis, MO); 40 pg/mL soybean lecithin (Sigma); 24 pg/mL cholesterol (Nakarai Chemical Co. Ltd, Kyoto, Japan); and various concentrations of rEp and/or 1L-3. Dishes were incubated at 37OC in a humidified atmosphere flushed with 5% CO?, 5% O? in air. On day 3 or 7 of culture, colonies were observed in situ on an inverted microscope. Colony types were classified according to the criteria reported previously."
Individual colonies were lifted from the methylcellulose medium using a 3-pL Eppendorf pipette under direct microscopic visuali7ation and collected in Eppendorf microcentrifuge tubcs containing 0.5 mL of phosphate-buffered saline (PBS). After washing twice with PRS. the samples were immediately spun in a cytocentrifuge (Cytospin; Shundon Southern Instruments. Sewickley, PA) at 800 rpm for 5 minutes and processed for May-Griinwald Giemsa or acetylcholinesterase staining." Colony size was determined by direct cell counting in situ with 200x magnification on an inverted microscope or by cell counting on the cytocentrifuged preparations stained with May-Grtinwald Giemsa or acetylcholincsterase staining. When we compared the determination of colony size by direct cell counting in situ with that on the cytocentrifuged preparations, it has been demonstrated that more than 90% of cells in individual colonies were recovered on the cytocentrifuged preparations.
Efect of anti-rEp antibody on colony formation supported by rEp. Varying concentrations of anti-rEp antibody, 1gG K-5, were added to culture containing 16 IU/mL rEp. On day 7 of culture, colonies were counted in situ on an inverted microscope. Results are expressed as percentages of the number of colonies induced with 16 IU/mL rEpalone.
Sraining.
Replating experiment. On day 5 of culture, blast cell colonies consisting of IO to 80 cells were individually lifted from methylcellulose medium with a 3-rL Eppendorf pipette under direct microscopic visualiiation and suspended in 0.1 mL of a-medium. The samples were gently pipetted and then individually added to 0.9 mL of standard methylcellulose culture medium containing 2 IU/mL rEp. 16 IU/mL rEp. 2 IU/mL rEp. plus 150 U/mL 1L-3,or 2 IU/mL rEp plus IO ng/mL rGM-CSF in the secondary culture dishes. The cultures were thoroughly mixed and incubated under the conditions described above for 5 more days.
RESULTS
Colony formation.
When mouse nonphagocytic nonadherent bone marrow cells (NPNA) were cultured in the presence of more than 1 IU/mL r E p alone without serum, mixed EM colonies were seen (Fig I A ) on day 7 of the culture as well a s erythroid bursts and megakaryocyte colonies (Fig 1 C) . A representative EM colony stained with May-Griinwald Giemsa is shown in Fig IR. Sequential observations of the culture on a n inverted microscope indicated the existence of blast cell colonies consisting of IO to 80 loosely arranged, occasionally clumped, homogeneous populations of round cells with no signs of terminal differentiation on 5 to 7 days of incubation ( Fig ID) . When culture was continued beyond 7 days, although some of the blast cell colonies showed signs of cell degeneration without apparent signs of terminal differentiation, more than half of the colonies revealed differentiation to erythroid and megakaryocyte lineages. 
org From
The preliminary studies in which varying concentrations of BSA, lecithin, and cholesterol were tested indicated that the appropriate concentrations of these factors for the development of E M colonies, erythroid bursts, megakaryocyte colonies, and blast cell colonies were 0.1%, 40 pg/mL, and 24 pg/mL, respectively.
The result of the dose-response study of rEp is shown in Fig 2. E M colonies, blast cell colonies, megakaryocyte colonies, and erythroid bursts increased dose-dependently when the dose was more than 1 IU/mL to 16 IU/mL rEp; however, they never reached the plateau level, even in 16 IU/mL rEp, while erythroid colony formation had already plateaued (data not shown).
To characterize proliferative abilities of the progenitors for megakaryocyte colonies and E M colonies in the presence of 16 IU/mL rEp, differential count of individual colonies were performed on the cytocentrifuged preparations stained with May-Griinwald Giemsa and acetylcholinesterase. When 60 megakaryocyte colonies were classified by the number of cells comprising each colony, into 4 to 8 cells, 9 to 16, 17 to 32, 33 to 64, 65 to 128, and more than 129 cells, the percentages for each class were 45%, 24%, 12%, 5%, 8%, and 6%, respectively. Although small megakaryocyte colonies consisted of only mature large megakaryocytes, some large colonies contained not only many small immature megakaryocytes, which stained with acetylcholinesterase, but also a few blast cells.
Differential counts of individual EM colonies on day 7 of culture showed a heterogeneous composition of erythroid (nonaccessory cells) by using several MoAbs were cultured in serum-free culture containing 2 or 16 IU/mL rEp. EM, megakaryocyte colonies, erythroid bursts, and blast cell colonies were developed from nonaccessory cells by the addition of rEp dose-dependently as shown in Table 2 .
To confirm the direct effect of rEp on EM or megakaryocyte colonies, varying concentrations of anti-rEp antibody (IgG K-5) were added to the
Depletion of T and B cells and macrophages.
Effects of anti-rEp antibody. For personal use only. on September 24, 2017. by guest www.bloodjournal.org From cultures containing 16 IU/mL rEp. E M colonies, megakaryocyte colonies, and erythroid bursts were inhibited by the addition of the antibody to the culture in a dose-dependent manner as shown in Fig 3. On the other hand, the antibody failed to affect colony formation, including megakaryocyte colonies and granulocytemacrophage-megakaryocyte (GMM) colonies supported by 100 U/mL IL-3 (data not shown).
Replating experiments were performed to determine the differentiating ability of blast cell colonies grown in the presence of rEp alone in serum-free culture. Individual blast cell colonies grown from NPNA in the presence of 16 IU/mL rEp were lifted from the culture on day 5 of incubation, and recultured in the presence of 2 IU/mL or 16 IU/mL rEp for another 5 days. Representative study of the replating analyses of 20 blast cell colonies is shown in Table 3 . We found that 5, 3, and 9 of 10 blast cell colonies produced secondary erythroid colonies, erythroid bursts, and megakaryocyte colonies, respectively, and 6 of 10 blast cell colonies produced both the colonies consisting of erythroid cells or megakaryocytes in the secondary culture containing 2 IU/mL rEp; however, no E M colonies were found in the presence of 2 IU/mL rEp (Table 3, top). In contrast, 4 of 10 blast cell colonies produced secondary E M colonies in the presence of 16 IU/mL rEp (Table 3, bottom). To examine the differentiation capabilities other than for erythroid and megakaryocyte lineages, blast cell colonies supported by 16 IU/mL rEp were repiated in secondary dishes containing 100 U/mL IL-3 and 2 IU/mL rEp (Table  4) ; however, G M colonies were not formed a t all. In addition, no G M colony was developed from 10 blast cell colonies, Replating experiments. Table 2 .
which were supported by 16 IU/mL rEp, in the secondary culture containing 10 ng/mL rGM-CSF and 2 IU/mL rEp.
DISCUSSION
In the present study, it has been shown that Ep has effects on murine hematopoietic progenitors other than those of the erythroid lineage in serum-free culture. rEp stimulated the formation of E M colonies, megakaryocyte colonies, and erythroid bursts in a dose-dependent fashion (Fig 2) . It seems 1  8  2  16  3  23  4  18  5  62  6  10  7  16   8   29  9  18  10  77  11  37  12  15  13  15  14  16 Table 3 for abbreviations.
For personal use only. on September 24, 2017. by guest www.bloodjournal.org From likely that serum-free culture needs a higher concentration of Ep than serum-containing culture for the development of the colonies, as reported previ~usly.'~ The formation of these colonies in the presence of rEp was inhibited dose-dependently by the addition of anti-rEp antibody (Fig 3) . Moreover, the elimination of T cells, B cells, and macrophages from crude bone marrow cells using several MoAbs did not influence the development of these colonies by rEp. These results suggest that Ep has direct effects on the progenitors for E M colonies, megakaryocyte colonies, and erythroid bursts.
There is some controversy regarding the role of Ep in megakaryopoiesis in vitro. Several investigators have indicated the stimulating effect of crude and purified Ep on megakaryocyte colony growth in serum-containing culture or serum-free culture,'.'' while others could n~t .~. ' , '~ More recently, Sakaguchi et aI6 have indicated that a high concentration of rEp supports a small number of megakaryocyte colonies consisting of a few megakaryocytes in serum-free culture, and have proposed that Ep stimulates the growth of mature progenitors of megakaryocytes because of its main effect on the formation of aggregates consisting of 1 or 2 megakaryocytes. It seems likely that our serum-free culture condition may be more suitable for the development of megakaryocyte colonies than that previously reported.6.'' In this report we demonstrated that rEp stimulated megakaryocyte colony growth dose-dependently in serum-free culture, and that a high concentration of rEp supported a large number of megakaryocyte colonies consisting of 4 to more than 200 megakaryocytes. Some of the large megakaryocyte colonies contained a few blastic cells, the cell lineage of which could not be identified for megakaryocyte, as well as small immature megakaryocytes stained positively with acetylcholinesterase. Several investigators reported the development of "heterogeneous megakaryocyte colonies," which were large megakaryocyte colonies consisting of heterogeneous cell populations, including the cells negative for acetylcholinesterase in the presence of medium conditioned by pokeweed mitogen-stimulated spleen cells (PWM-SCM).'7,'8 Our large megakaryocyte colonies grown in the presence of rEp may be derived from the same progenitors for "heterogeneous megakaryocyte colonies." These results suggest that Ep may stimulate megakaryocyte progenitors regardless of their maturity. Although the physiologic role of a high concentration of Ep on in vivo megakaryopoiesis is not clear, some investigations suggesting a relationship between Ep and megakaryopoiesis have been reported. Megakaryocytes have been shown to display Ep receptors" and the nuclear factor, GF-1 expression."." Certain in vivo conditions associated with anemia (ie, iron deficiency anemia as a result of chronic blood loss22 or Diamond Blackfan anemia23) are associated with increased platelet count.
It is interesting that the blast cell colonies were formed on day 5 to 7 of the culture in the presence of rEp in serum-free culture. In general, murine blast cell colonies were formed in the presence of IL-324 or PWM-SCM,25 and usually their progenitors in bone marrow or spleen cells were resistant to the treatment of 5-fluorouracil (5-FU). 24, 26 In this report, rEp has no effect on mouse bone marrow cells treated with 5-FU (data not shown), and the blast cell colonies in the presence of rEp seemed to appear earlier than those in the presence of IL-3 or PWM-SCM. Replating experiments of individual blast cell colonies grown in the presence of rEp have demonstrated that blast cells in the secondary culture containing rEp or rEp plus IL-3 produced EM colonies, megakaryocyte colonies, erythroid bursts, and erythroid colonies, but not granulocyte and/or macrophage colonies (Tables 3 and   4 ). Therefore, it seems that Ep may stimulate the progenitors that are more mature than those sensitive to IL-3 or PWM-SCM and that still have the ability to produce blast cell colonies committed to EM lineages, and differentiate them into erythroid cells and megakaryocytes. In addition, it also seems that 2 IU/mL rEp and 100 U/mL IL-3 could substitute for 16 IU/mL rEp in replating experiments using the blast cell colonies grown in the presence of rEp.
Several investigators reported the appearance of E M colonies in the presence of PWM-SCM and Ep in serumcontaining culture.'.25 Human erythroleukemia line shared erythroid and megakaryocytic properties, suggesting that an EM progenitor may normally exist in the marrow. 27 In this report, although we failed to perform single cell culture of individual cells in blast cell colonies, 4 of 10 blast cell colonies produced EM colonies in the presence of 16 IU/mL rEp alone. In particular, colony no. 12 in Table 3 , which consisted of only 12 blast cells, produced an E M colony. These results may negate the possibility that E M colonies are overlapping with the coincidental formation of erythroid bursts and megakaryocyte colonies.
Finally, it is of interest that differentiation of EM colonies showed a heterogeneous distribution of megakaryocytes and erythroid cells in individual colonies. These results suggest that differentiation from EM progenitors to erythroid and megakaryocytic lineages in the presence of Ep is governed by stochastic mechanisms as proposed for the differentiation of multipotent hematopoietic progenitors. 28 The data presented in this report suggest that Ep has a bipotential effect on E M progenitors to proliferate and differentiate them into erythroid or megakaryocyte lineages.
